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The metastasis suppressor KAI1/CD82 has been implicated in various cellular processes; however, its
function in development is not fully understood. Here, we generated and characterized mutants of
Tsp66E and Tsp74F, which are Drosophila homologues of KAI1/CD82 and Tspan11, respectively. These
mutants exhibited egg elongation defects along with disturbed integrin localization and actin polar-
ity. Moreover, the defects were enhanced by mutation of inﬂated, an aPS2 integrin gene. Mutant
ovaries had elevated aPS2 integrin levels and reduced endocytic trafﬁcking. These results suggest
that Drosophila KAI1/CD82 affects the polarized localization and the level of integrin, which may
contribute to epithelial cell polarity.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
KAI1/CD82 is a member of the tetraspanins, which are a super-
family of type III membrane proteins with 4 transmembrane span-
ning segments that have been highly conserved through evolution
from sponges to mammals [1,2]. KAI1/CD82 is a regulator of mem-
brane organization, and has been identiﬁed as a metastasis sup-
pressor [3]. Similar to other tetraspanins, KAI1/CD82 functions in
various aspects of cellular physiology, including immune signaling,
cell–matrix adhesion, growth factor receptor signaling, invasion,
and homotypic cell–cell interactions [1,4]. These cellular roles
appear to be achieved via interaction with many of KAI1/CD82-
associated proteins [1].
The most well studied KAI1/CD82-associated proteins are
integrins, the function of which is closely related to tumor
metastasis. Integrins are heterodimeric adhesion receptors that
serve to connect the extracellular matrix to the cytoskeleton atchemical Societies. Published by E
ion speciﬁc; Tsp, tetraspanin
k.focal adhesion sites, and provide the traction required for cell
migration [5]. Many studies have shown that KAI1/CD82 is
involved in integrin-mediated cell migration in the extracellular
matrix [1]. KAI1/CD82 physically associates with various integrins,
including a3b1, a6b1, a5b1, and amb3 [1,6], and suppresses inte-
grin-mediated cell motility and invasion [6,7].
To date, mice with mutations in 6 tetraspanins have been gen-
erated, and their phenotypes have been investigated in various tis-
sues [8–14]. However, studies on the role of KAI1/CD82 in
metazoan tissues using KAI1/CD82-deﬁcient animal models are still
in their infancy. In a recent review, Miranti reported that KAI1/
CD82 null mice were viable and fertile [1]. This was an unexpected
result since KAI1/CD82 has been implicated in various cellular pro-
cesses in different cell lines [1] and has been shown to be ubiqui-
tously expressed in mice [3]. Detailed studies using various animal
models might be helpful to better understand the role(s) of KAI1/
CD82 homologues.
To elucidate the role of KAI1/CD82 inmetazoan development,we
generated and characterized Drosophila Tsp66E (a KAI1 homologue)
and Tsp74F (a Tetraspanin 11 homologue) mutants. Loss of Tsp66E
and Tsp74F function led to defects in germ cell and wing develop-
ment. The mutants showed defects in the localization of polarizedlsevier B.V. All rights reserved.
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development through the regulation of integrin function.
2. Materials and methods
2.1. Drosophila strains
EY02264, EY04256, inﬂated3 (if3), daughterless (da)-GAL4, and
w1118 were obtained from the Bloomington Drosophila stock center
(Bloomington). EY02264 and EY04256 have a P-element in the 50
region upstream of the Tsp66E and Tsp74F genes, respectively.
The loss-of-function mutant lines (Tsp66E1, Tsp66E2, and Tsp74F1)
and revertant lines (Tsp66Erv and Tsp74Frv) were generated by
P-element excision from EY02264 or EY04256 usingD2–3 transposase.
In addition, we generated 2 transgenic lines, UAS-HA-Tsp66E and
UAS-HA-human KAI1/CD82, which contain the full-length cDNA
for Tsp66E and human KAI1/CD82, respectively with hemagglutinin
(HA) tags.
2.2. Analysis of egg hatching rate
To analyze female sterility, 3- to 5-day-old virgin females of the
indicated genotypes were mated with wild-type males. Embryos
laid by females on grape juice agar plates for 24 h were collected.
After incubation for 2 days at 25 C, the number of hatched larvae
was counted. For statistical analyses, more than 3 sets of indepen-
dent experiments were performed, and the mean hatching rate
was calculated (nP 430 ﬂies per genotype).
2.3. Measurement of egg size
Flies of the appropriate genotypes reared in standard media
were transferred onto grape juice agar plates and were allowed
to lay eggs for more than 6 h. Both the length and width of the laid
eggs were measured using AxioVision AC Rel. 4.5 (Carl Zeiss). More
than 50 eggs per genotype were measured.
2.4. Dextran uptake assays
Dextran uptake assays was performed as described previously
[15]. Brieﬂy, stage 12 egg chambers were pulsed for 2 min with
0.25 mM Texas-Red-dextran 3000 MW, lysine-ﬁxable (Molecular
Probes, Eugene, OR) and chased for 20 min in serum-free medium
before ﬁxation.
2.5. Immunohistochemistry and phalloidin staining
For antibodies and phalloidin staining, ovaries were dissected
and ﬁxed in 4% paraformaldehyde in PBS (pH 7.2) for 4 min. After
several washes with PBT, the ovaries were blocked with 2% normal
goat serum in PBT for 1 h and incubated in blocking solution with
anti-integrin aPS2 mouse monoclonal antibody (1:100; Develop-
mental Studies Hybridoma Bank, DSHB) and anti-HA rabbit poly-
clonal antibody (1:200; Sigma). They were then washed with PBT
and incubated for 1 h at room temperature with FITC-labeled
anti-mouse secondary antibody (1:200; Invitrogen) or rhoda-
mine-labeled anti-rabbit secondary antibody (1:200; Invitrogen)
in PBT. To visualize the actin structure, ovaries were stained with
5% TRITC-labeled phalloidin (Sigma) for 1 h at room temperature.
2.6. Western blotting
Western blot analyses were conducted using standard proce-
dures. The membranes were probed with an anti-aPS2 integrinmouse monoclonal antibody (1:2,000; DSHB) and an anti-b-tubulin
antibody (1:2,000; DSHB). A horseradish peroxidase-conjugated
anti-mouse antibody (1:2,000; Cell Signaling Technology) was
used as the secondary antibody.3. Results
3.1. Identiﬁcation of Tsp66E, Tsp74F, and their mutants
By alignment of GenBank sequences with MEGA (ver. 5) [16],
we identiﬁed Tsp66E and Tsp74F as Drosophila homologues of
human KAI1/CD82, with 47 and 48% amino acid sequence similarity
to KAI1/CD82, respectively (data not shown). However, according
to an evolutionary study [17] and the HomoloGene database
[18], Tsp74F was classiﬁed as a human Tspan11 orthologue, while
Tsp66E was classiﬁed as a KAI1/CD82 orthologue. To understand
their developmental roles, we generated 3 deletion mutant alleles
(Tsp66E1, Tsp66E2, and Tsp74F1) by imprecise excision of P-ele-
ments using 2 P-element insertion mutants EY02264 and
EY04256 (Fig. 1A and B). Their deletion sites were conﬁrmed by
genomic PCR (Supplementary Fig. 1A and B). In addition, a Tsp66E2
and Tsp74F1 double mutant, named DT6,7, was produced by
homologous recombination. RT-PCR and RNA in situ hybridization
experiments revealed that the Tsp66E and Tsp74F transcripts were
absent from these mutants (Supplementary Fig. 1C, D, F, H, J, and
L), while these genes were robustly expressed in wild-type tissues
(Supplementary Fig. 1C, D, E, G, I, and K). In contrast, the expression
of misﬁre, a neighbor of Tsp66E, was not altered in DT6,7 (Supple-
mentary Fig. 2).3.2. Tsp66E and Tsp74F are important in egg elongation
The Tsp66E and Tsp74F individual mutants and the double
mutant DT6,7 showed no prominent developmental delay or
lethality (data not shown). However, the hatching rate of eggs laid
by mutant females was signiﬁcantly lower than that of eggs laid by
wild-type females (Fig. 1C), although the number of eggs laid by
these mutants was similar to that laid by the wild type (data not
shown). The reduction in hatching rate was most prominent in
the DT6,7 mutant, and was about 70% of that in the wild type
(Fig. 1C). This result suggests that both Tsp66E and Tsp74F function
during oogenesis. In contrast, the hatching rates of the revertant
lines, Tsp74Frv and Tsp66Erv, were similar to that of the wild type
(Fig. 1C and data not shown).
To clarify the roles of Tsp66E and Tsp74F in oocyte develop-
ment, we compared the shape of DT6,7 mutant eggs to the wild-
type eggs, and found that eggs from the DT6,7 mutant females
were shorter than those of the wild-type females (Fig. 1D). Dimen-
sional analyses of individual eggs of the Tsp74Frv, Tsp66E2, and
Tsp74F1 females demonstrated that the length of Tsp66E2 and
Tsp74F1 eggs was reduced compared to that of Tsp74Frv eggs
(Fig. 1E). DT6,7 mutant eggs had enhanced egg elongation defects
compared to those of individual mutants in each gene, indicating
that both of these genes are required for proper egg development
(Fig. 1E). Overexpression of the Tsp66E transgene in the DT6,7 mu-
tant (Tsp66E rescue) signiﬁcantly rescued the egg elongation defect
phenotype (P < 0.001, n > 150) (Fig. 1F), which means that the
Tsp66E deﬁciency is, in part, responsible for the egg elongation
defects of the DT6,7 mutant. In addition, overexpression of the
human KAI1/CD82 transgene in the DT6,7 mutant also rescued
the egg elongation defect (Fig. 1F) (P < 0.001, n > 150), suggesting
that Tsp66E and Tsp74F have functions similar to those of human
KAI1/CD82.
Fig. 1. Reduced egg hatching rate and defective egg elongation in Tsp66E and Tsp74F mutants. (A, B) Genomic structures of the 50 upstream regions and the ﬁrst 2 exons of
Tsp66E (A) and Tsp74F (B) and the P-element insertion sites and the deleted regions in the mutants. (C) Comparison of hatching rate of eggs laid by wild type (WT), Tsp66E
mutant (Tsp66E1, Tsp66E2), Tsp74F mutant (Tsp74F1), double Tsp66E and Tsp74F mutant (DT6,7), and Tsp74F revertant (Tsp74Frv) females that were mated with WT males. All
data are expressed as the means ± S.E. of at least 3 independent experiments (⁄⁄P < 0.001, Student’s t-test). A revertant of EY04256 (Tsp74Frv) was used as a control. (D)
Comparison of the shape of eggs laid by DT6,7 andWT females. (E, F) Dimensional distribution plot of a representative proportion of individual eggs of the control (Tsp74Frv or
CTL), Tsp66E and Tsp74F mutants (Tsp66E1, Tsp66E2, Tsp74F1, and DT6,7) (nP 50) (E), and rescue lines overexpressing Tsp66E or human KAI1/CD82 (Tsp66E rescue or hKAI1
rescue) (nP 110) (F). Statistical analyses were performed on the total eggs of each strain (nP 150).
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integrin localization of follicle cells
Since previous studies showed that defective actin polarity in
follicular epithelium affects oocyte elongation [19], the short-egg
phenotype of the DT6,7 mutants was expected to result from
disruption of actin ﬁlament polarity. To test this, we compared
the actin ﬁlament polarity of DT6,7 mutant oocytes with that of
wild-type oocytes. At stage 12 of oogenesis, which is an essential
period for proper oocyte elongation [19–21], basal actin ﬁlament
bundles in wild-type follicle cells were aligned in an organized
fashion perpendicular to the A–P axis (Fig. 2A). However, alignment
of actin ﬁlament bundles in the follicle cells of the DT6,7 mutant
egg chamber was severely disturbed (Fig. 2B). Since integrin has
been reported to be required for proper actin polarity in follicular
epithelium [19], we examined the localization of vPS2 integrin in
the follicle cells of stage 12 DT6,7 mutant egg chambers. As previ-
ously described [19], aPS2 integrin consistently localized to the
edge of actin bundles, primarily highlighting the cell membranes
parallel to the A–P axis in wild-type egg chambers (Fig. 2C and
E). However, DT6,7 mutant follicle cells had abnormal aPS2 inte-
grin distribution (Fig. 2D and F), implying that Tsp66E and Tsp74F
may maintain proper actin polarity by controlling the localization
of aPS2 integrin.3.4. Tsp66E and Tsp74F are functionally correlated with vPS2 integrin
in egg elongation and wing development
To investigate the functional relationship between the Drosoph-
ila KAI1/CD82 homologue and aPS2 integrin, we examined the
sub-cellular localization of Tsp66E and aPS2 integrin in both
ovarian follicle cells. Tsp66E is localized to the plasma membrane
in numerous tiny spots (Fig. 3A), which are similar to the tetra-
spanin-enriched microdomains of KAI1/CD82 [1]. Tsp66E and
aPS2 integrin are not fully merged but they co-localized in many
regions.
Next, we investigated the genetic relationship between Tsp66E
and inﬂated, an aPS2 integrin gene by evaluating whether the mild
penetrance of the short-egg phenotype in the Tsp66E mutant was
enhanced by a hypomorphic mutation of inﬂated (if3). Removal of
if function in the Tsp66E2 background increased the degree of the
short-egg phenotype (Fig. 3B–F). This supports the idea that the
function of Drosophila KAI1/CD82 homologue in proper egg elonga-
tion is correlated with integrin.
aPS2 integrin is required for attachment of the 2 wing surfaces
during pupal wing re-apposition, and for maintenance of the wing
bilayer [22]. The if3 mutant exhibited a typical blister wing
phenotype, which was caused by inappropriate adhesion between
the 2 wing layers (Compare Fig. 3H with 3G) [22]. Since if3 is a
Fig. 2. Defective aPS2 integrin localization and actin polarity in the follicle cells of Tsp66E and Tsp74F mutants. Stage 12 egg chambers of the wild-type (WT) and Tsp66E and
Tsp74F double mutant (DT6,7) strains were stained with Texas Red-phalloidin (A, B) and anti-aPS2 integrin (C, D). Merged channels are shown in (E) and (F) with actin in red
and aPS2 integrin in green. Arrowheads in (D) indicate mislocalized aPS2 integrin in the follicle cells of the DT6,7 mutant.
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sensitive to the dosage of genes in the same pathway. Using this
phenotype, we determined whether Tsp66E, Tsp74F, and aPS2
integrin function during the adhesion of wing layers. As shown
in Fig. 3I, the rate of wing blistering in if3 mutants was greatly
enhanced by Tsp66E and Tsp74F deﬁciency, which by themselves
showed no blistered wing phenotype. This indicates that both
Tsp66E and Tsp74F have a functional relationship with aPS2 inte-
grin. We also attempted to rescue the enhanced blistered wing
phenotype of the if3, Tsp66E, Tsp74F triple mutant by introducing
Tsp66E or human KAI1/CD82 as a transgene. As expected, ectopic
expression of Tsp66E dramatically reduced the blistered wing phe-
notype of the triple mutant (Fig. 3I), suggesting that Tsp66E is
responsible for the genetic interaction with inﬂated in the blisteredwing phenotype. In addition, the blistered wing phenotype was
also dramatically reduced by expression of human KAI1/CD82
(Fig. 3I), further conﬁrming that Tsp66E and Tsp74F have functions
similar to those of human KAI1/CD82.
3.5. Tsp66E and Tsp74F are required for endocytic trafﬁcking in follicle
cells
Since mammalian KAI1/CD82 has been implicated in the
regulation of integrin internalization and degradation [1,4], we
investigated aPS2 integrin levels in DT6,7 mutant ovaries. As
shown in Fig. 4A, aPS2 integrin was higher inDT6,7mutant ovaries
than in wild-type ovaries, while if expression was not altered
(Fig. 4B).
Fig. 3. Genetic interactions of Tsp66E and Tsp74F with inﬂated during egg elongation and wing development. (A) Representative confocal microscope images of stage 11
oocytes showing the localization of aPS2 integrin (left) and HA-Tsp66E (middle). The merged image (right) shows that HA-Tsp66E co-localized with aPS2 integrin in some
regions (yellow). (B) Dimensional distribution plot of wild type (WT), inﬂatedmutant (if3), Tsp66Emutant (Tsp66E2), and double inﬂated and Tsp66Emutant (if3;; Tsp66E2) eggs
(nP 50). (C-F) Representative microscopic images of WT (C), inﬂatedmutant (if3) (D), Tsp66Emutant (Tsp66E2) (E), and double inﬂated and Tsp66Emutant (if3;; Tsp66E2) eggs
(F). (G-I) Images of a normal wing of a WT ﬂy (G) and the blistered wing of an inﬂated mutant ﬂy (H). (I) The percentage of blistered wings in the inﬂated mutant (if3/Y), the
triple inﬂated, Tsp66E, Tsp74F mutant (if3/Y;; Tsp66E2/DT6,7), and the Tsp66E rescue line (Tsp66E rescue) and human KAI1/CD82 rescue line (hKAI1 rescue) (⁄⁄P < 0.001,
Student’s t-test, nP 160).
S.Y. Han et al. / FEBS Letters 586 (2012) 4031–4037 4035Next, we tested whether Tsp66E and Tsp74F play a role in endo-
cytosis in dextran uptake assays. When stage 12 follicle cells were
pulsed with ﬂuorescently coupled dextran, internalized dextran
droplets were easily detected inside cells after 20 min of incuba-
tion, indicating that endocytosis is active within these cells
(Fig. 4C, C0, and E). In contrast, we could not detect dextran inside
DT6,7 mutant follicle cells after incubation under the same condi-
tions, indicating that endocytosis was greatly reduced in the
mutant ovaries (Fig. 4D, D0, and E). These results suggest that
Tsp66E and Tsp74F play a role in endocytosis in follicle cells.
4. Discussion
Although KAI1/CD82 has been shown to play a role in develop-
ment of some tissues [23,24], its roles in animal development are
not fully understood. To understand the roles of KAI1/CD82 during
metazoan development, we generated and characterized loss-
of-function mutations in Tsp66E, a Drosophila homologue of KAI1/
CD82. We also characterized deﬁciency of Tsp74, which is anuncharacterized Tspan11 homologue, and the sequence of which
is highly similar to Tsp66E. Interestingly, we found that Tsp66E
and Tsp74F functions in egg elongation and wing development.
Therefore, our results presented here suggest that KAI1/CD82 con-
tributes not only to tumor metastasis, but also to organism devel-
opment, and that the function of KAI1/CD82 is closely related with
Tspan11. To the best of our knowledge, this is the ﬁrst formal
report of KAI1/CD82 and Tspan11 homologue knockout animal
models.
Egg elongation is related to actin ﬁlament organization, which
leads to the epithelial planar polarity of follicle cells [19–21]. A
recent study showed that polarized follicle cells rotate over stationary
ECM ﬁbrils, and that cell-matrix interactions were crucial for this
rotation and egg elongation [25]. Therefore, mutations in the genes
that affect cell-matrix interactions may cause the production of
short eggs. Here, we show that Tsp66E and Tsp74F mutants lay
shortened and imperfect eggs, and that their follicle cells have dis-
turbed integrin localization. Since integrins are key molecules that
mediates epithelial cell adhesion to the extracellular matrix, their
Fig. 4. Increased level of aPS2 integrin and impaired endocytosis of dextran in the
follicle cells of the Tsp66E and Tsp74F mutant. (A) aPS2 integrin levels in wild-type
(WT) and T6,7 mutant ovaries (⁄p < 0.01, Student’s t-test, n = 5). (B) if gene
expression in WT and T6,7 mutant ovaries (n = 6). (C, D) Dextran uptake in the
follicle cells of WT (C, C) and T6,7 mutant (D, D) eggs (stage 12). (C) In WT tissue,
dextran (arrows) was internalized into endocytic puncta after 20 min. (D) In T6,7
mutant tissue, dextran was not internalized after 20 min [(C) and (D) are magniﬁed
views of (C) and (D), respectively]. (E) Graph showing the mean number of dextran
particles in each experimental group (⁄⁄p < 0.001, Student’s t-test, n = 10).
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maintaining cell polarity. Therefore, disturbance of aPS2 integrin
localization in the follicle cells of the Tsp66E and Tsp74F double
mutant is expected to affect its function, which might result in a
defective link between the follicle cells and the ECM. As a result,
although the total level of integrin was increased in Tsp66E and
Tsp74F mutant ovaries (Fig. 4A), the level of functional integrins
may be less than that in wild-type ovaries. This idea is supported
by our observation that the mild penetrance of the short-egg phe-
notype in the Tsp66E mutant was enhanced by the hypomorphic
mutation of inﬂated (if3). Drosophila integrins were shown to be
localized to the cell–cell contacts where actin ﬁlaments terminate
in the basal surface of the ovarian follicle cells [19]. Based on this
specialized localization in highly polarized follicle cells, the dis-
turbed integrin localization in Tsp66E and Tsp74F double mutant
follicle cells would be expected to affect actin ﬁlament organiza-
tion. From our collected data, it is possible to assume that Tsp66E
and Tsp74F are involved in the regulation of planar cell polarity by
maintaining the subcellular localization of integrin.
One mechanism through which Tsp66E and Tsp74F may affect
integrin localization is by regulating its turnover. In motile cells,
integrin turnover has deﬁned roles in the localization of the
dynamic adhesion complexes that mediate cell migration and
membrane remodeling in cytokinesis [26]. Recent studies have
shown that endocytosis affects integrin localization, and is needed
to maintain muscle attachments [27]. Here, we found that endocy-
tosis was active in ovarian follicle cells, and that the endocytosiswas signiﬁcantly reduced in the ovarian follicle cells of the Tsp66E
and Tsp74F double mutant. Furthermore, aPS2 integrin was also
increased in the Tsp66E and Tsp74F double mutant ovaries, while
if gene expression was unchanged. This leads us to the conclusion
that Tsp66E and Tsp74F may contribute to proper integrin localiza-
tion by regulating integrin turnover.
In conclusion, genetic and cell biological studies using Drosoph-
ilamutants showed that Tsp66E and Tsp74F stabilize integrin local-
ization and are important for the development of Drosophila
ovarian follicles and wings. The model ﬂies generated in this study
will be valuable for determining the detailed function of KAI1/
CD82 and Tspan11.
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